The conductance change was also dependent on the presence of Na plus either Cl or HC03, both anions being necessary for a maximal. effect, Since passive ion movement through the transepithelial shunt path largely determines the total conductance of low-resistance epithelia, these results suggest that theophylline and choleragen, presumably via increased cellular cyclic ,4MP (CAMP), reduce the magnitude of the shunt. The relative permeabilities (p) of K, Na, and Cl were determined in ouabain-treated ileum by measuring dilution and bi-ionic potentials created by the replacement of mucosal solution NaCl with mannito1 or KCl. In control ileum the PK :PNa :pCl was 1.. 17-l. 18 : 1 .OO : 0.40-0.47. Theophylline and choleragen had no significant effect on the pK:pSs. However, theophylline significantly increased the pcl :p,, from 0.47 to 0.68, and choleragen increased the pc@Na from 0.40 to 0.57 (43-45yG) . The site of this permselectivity alteration cannot be determined with certainty, but the evidence favors the transepithelial shunt path as the location. Thus, in addition to changing the magnitude of the shunt, increased epithelial cA?r/lP levels may alter the permselectivity characteristics of this pathway. electrolyte transport; cyclic AMP; transepithelial shunt path; ionic permeability IN RECENT YEARS, substantial investigation has conkmed that there are two routes of electrolyte movement across epithelia-transcellular and extracellular (3, 5, 8, 13, 15, 39, 43, 45) . Th e extracellular route, or transepithelial shunt path, appears to be the major route of passive bidirectional ion permeation in low-resistance epithelia such as renal proximal tubule, gallbladder, and intestine. Furthermore, it has been demonstrated that the electrical conductance of the shunt path accounts for over 80 % of the total conductance of these epithelia and that this pathway exhibits permselectivity for ions. (See references 13, 15, and 39 for a discussion and review.) We have recently demonstrated that cholera toxin, theophylline, and cyclic AMP significantly reduce the electrical conductance of rabbit ileum in vitro (34, 36) . In the present investigation we have explored in depth the changes brought about by theophylline and cholera toxin in the electrical parameters of the in vitro rabbit ileum. Our results suggest that theophylline and choleragen have a significant effect on this shunt.
METHODS
All studies were performed in the in vitro rabbit ileum stripped of its muscular and serosal layers and mounted between Lucite half-chambers (aperture 1.13 cm2) as described in the accompanying paper (36). The composition of the basic Ringer solution was (in mM) : 140 Na, 119.8 CI, 25 HCOa, 5.2 K, 1.2 Ca, 1.2 Mg, 2.4 HPO4, and 0,4 HZPO 4 (pH 7.4). HCO s-free, Cl-free, and HCO 3-and Cl-free solutions were made by replacement of NaCl and/or NaHCO3 with =\Y'a isethionate or NagSO and with the SO4 salts of Ca and Mg. Choline or K replaced Na in Na-free solution and the Xa concentration s were shown to be than 0.5 mM by flame photometry on the bathing soluti less .ons after an experiment.
In tissues from the same animal and in all experiments performed, theophylline (10 n&l: in the serosal bath, 10 m>I mannitol in the mucosal bath) was compared to mannitol (10 mM in both baths) or the effect of purified cholera toxin, choleragen,l (2.0 pg/Inl in the mucosal bath) was compared to heat-inactivated toxin in solutions containing 10 mM mannitol. where AI,' is the measured diffusion potential at each dilution, [i] the ionic concentration at that dilution in the mucosal (m) and serosal (s) baths, and X, T, and p have their usual meanings.
Ionic concentrations rather than ionic acti\*ities were used since the correction is small for dilute solutions. The relative permeabilities were calculated for each dilution and averaged to give values for the control, theophylline, and choleragen conditions. All electrical potential differences are given as the serosal solution with reference to the mucosal solution, and the nullifying clamping current is arbitrarily assigned the same value? The significance of differences in means was determined by the paired or unpaired Student t test.
RESULTS
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The time course of the effects of theophylline and choleragen on the electrical parameters of the in vitro rabbit ileum bathed in Ringer solution is given in detail in the accompanying paper (36). Briefly, theophylline initially increased both the PY and X,, when present in the serosal bathing solution at the time of tissue mounting or if added to the serosal bath 1 h after mounting.
Choleragen had a similar effect when added to the xnucosal solution, but the response was delayed by 45-60 min. However, in our hands, the effect of these agents on Isc was relatively short-lived, while the PD remained elevated throughout the course of the experiment.
With theophylline the I,, returned to control levels in approximately 45 min, whereas with choleragen this required about 2 h. Subsequently the Isc in each case fell significantly below the control value. (Fig. l) , theophylline decreased conductance from 24.0 to 15.5 mmho/cm2 or only 35 %. Ouabain appeared to abolish the choleragen-induced conductance change (Fig. 2) .
The ionic requirements for the theophylline-induced conductance change were determined by ion-replacement experiments.
Na was replaced with choline or K; Cl and/or 
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HCO 3 were replaced with isethionate or SO 4+ Table 1 shows that theophylline caused a highly significant decrease in G only if Na and either Cl or HCO3 were present in the solution. The conductance of the control and theophyllinetreated tissue in Na-free or HCOa-and Cl-free solution was the same. This was true regardless of the ion used for replacement. In the presence of Cl and HCOs, 5 mM Na is sufficient to allow a theophylline effect. In Cl-free or HCOa-free solutions, the theophylline-induced conductance change \vas only 25-32 % compared to 52 % in Ringer. Note that scaIe for KC1 potentials is twice that of mannitol potentials. 
. In control tissues, although the PD and Lc were zero in Na-free choline solutions, when Na concentrations were in the range of l-40 mM, PD and I,, values of the opposite polarity than those usually seen were recorded. These gradually returned to zero and subsequently achieved normal polarity in 1-3 h (see Fig. 4 in ref. 34 ). These unexplained phenomena did not occur when theophylline was present in the solution. With all Na replaced by choline, theophylline had no effect on the lsc. With mixtures of Na and choline there was a maximal stimulation of I,, that declined in 45-60 min in much the same way as in 140 mM Na-Ringer solution. These transients in the controls, when choline was used, made it impossible to obtain a meaningful value for the part of the I,, that was due to theophylline. However, since the relationship between Na and I,, is linear when K is used to replace Na (40), we repeated these experiments using K-replacement solutions. One hour after mounting tissues in such solutions the I,, was stable, and the peak increment in I,, resulting from theophylline addition was recorded.
The relationship between the theophylline-induced X,, and Na concentration (K replacement) is shown in Fig. 3 (Fig. 6 ) or control and choleragentreated intestine (Fig. 7) . However, there was a significant difference (P < 0.001 at each Ea concn.) in mannitol-replacement dilution potentials between control and theophylline-treated or control and choleragen-treated intestine. elusion is derived from the effects of these agents on the electrical parameters (PD, Isc, and G), and from diffusion potentials that allow estimation of relative ionic permeability.
In Table 2 We have attempted to better define this increase in X,, , since this change has led to the hypothesis that increased cellular CAMP stimulates active s-to-m Cl transport by a process that creates a transport potential, i.e., electrogenic Cl secretion (10, 11). F g i ures 3 and 4 demonstrate that this increase in X,, is dependent on the presence of both Na and a transportable anion such as Cl. At a fixed anion concentration, the theophylline-stimulated increment in lsc is a function of the Na concentration. At a fixed Na concentration, the AIs, is a function of Cl concentration.
These results suggest that the theophylline-induced increase in I,, is not due simply to electrogenic Cl secretion, at least not in the simple sense of this term, unless Na is in some way a mandatory requirement for this process. Speculation regarding other possible mechanisms for this increase in lrsc is not warranted without additional experimentation. The conductance change in the in vitro rabbit ileum (Table 1 ) appears also to be dependent on the presence of both Na and transportable anion (Cl and/or HCQ), and is very sensitive to Na concentration.
The theophylline efYect is submaximal in either HCOa-free (25 %) or Cl-free solutions (32 "k) compared to the change in Ringer solution (52 %). Thus the ionic requirements and the magnitude of the conductance response are the same as those of the Na anion secretion induced by theophylline (36) or choleragen (34). In Ringer solution, ouabain reduced the theophylline-induced conductance change from 50 % to 35 ';; and abolished the &ect of choleragen on conductance.
We have previously shown that ouabain also inhibits the electrolyte secretion brought about by these agents (36). This further suggests that the electrolyte secretion and conductance change may be interrelated, although it is clear that theophylline is a more powerful stimulus than choleragen with regard to an effect on conductance.
Recent advances in our understanding of epithelial electrolyte transport give insight into the probable location of conductance change. The spaces between epithelial cells appear to bej ust as important as the cells themselves in determining the physiological characteristics of ion-transporting epithelia.
The role of the intercellular space in epithelial water transport is firmly established, and recently investigators have begun to realize the importance of the tight junction-intercellular space complex in determining the passive permselectivity and electrical properties of epithelia. Both anatomical (27, 44) and physiological studies (3, 5, 8, 13, 15, 39, 43, 45) suggest that this complex is a major determinant of passive ion flux and the electrical resistance of epithelia. In the so-called "leaky"
or low-resistance epithelia, such as proximal renal tubule (8), gallbladder (15), and intestine (13, 39), this complex represents a major shunt path across the epithelium that accounts for at least 80-90 % of the total electrical condu ctance. Thus, in these epithelia the tissue conductance is largely a measure of the shunt and a large percentage of unidirectional transmural ion fluxes traverse this route. Ch .anges in the magnitude of this shunt would have a significant effect on the conductance and on the unidirectional ionic fluxes. The magnitude of the conductance change and the agreement between the changes in conductance a nd in unidirectional fluxes cau sed by CAMP, theophylline, and choleragen (see accompanying paper (36)) suggest that the size of the transepithelial shunt path is greatly diminished by these agents. However, measurements of resistance across both the mucosal and serosal cell borders simultaneously with the transepithelial resistance will be necessary to unequivocally prove this point. The primary resistance in the shunt path is thought to be the tight junction rather than any resistance inherent in the lateral intercellular space (15). Therefore, our observations are most compatible with a change in the tight junction itself, perhaps an alteration in the meshwork of fibrillar structures that appear to link the unit membranes of the cells at the tight junctions (17, 41). However, Frijmter (15) has suggested that if the width of the intercellular space is less than 1000 A, it may contribute to the resistance of the shunt. It has been observed recently that intestinal cells appear to swell when secreting in response to cholera toxin and that the width of the intercellular space is thus reduced (IXBona, Chen, and Sharp, personal communication) . It is possible that this phenomenon causes the reduction in epithelial conductance.
An intriguing aspect of these results is the direction of the permeability change. Increased cellular levels of CAMP have been conclusively
shown to increase the permeability of the toad bladder and distal renal tubule (31), but in these epithelia the effect would appear to be on the mucosal cellular membranes themselves, rather than on the tight junction. In frog skin, another high-resistance (tight) epithelium, phosphodiesterase inhibition by methyl xanthines appears to increase passive permeability, perhaps by increasing the shunt path (2 1, 23 
